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Positive- and negative-ion formation in low-energy G-Cu(001) scattering
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For incident 0.4—7-keV O beams scattered from (@01), we have measured energy and angular distribu-
tions of O" and O ions in the scattered flux, and performed accurate quantitative measurements of the
O*/O™ ratios. The O/O" ratios depend on the scattering geometry and, for a given geometry, decrease with
decreasing scattered perpendicular velocity. The qualitative differences between the energy and angular spectra
for the scattered positive and negative ions indicate that this trend is due to the rapid decrease ©of the O
fraction. These data and general arguments based on the energies of the states of the O-Cu system are used to
identify key mechanisms responsible for the presence’o O in the scattered flux. We conclude that the
resonant and Auger charge transfer mechanisms are both important. Furthermore, the data indicate that the O
ions are generated in the hard collision between the incident atom and a surface atom. These collisions explain
the geometry dependence of the measuréd@ ratios.[S0163-182808)00640-7

[. INTRODUCTION teraction of the incident ion with the surface takes place over
many lattice sites. Some of these studies have involved scat-
Charge exchange is a fundamental process that occurs taring of highly charged oxygen iofdere, for scattering of
dynamical interactions of atoms or molecules with surfaces0.4—7-keV O from Cu001) at angles far from grazing, we
and plays a central role in processes such as dissociatiygesent energy- and angle-resolved measurements of the dis-
chemisorption, laser-induced desorption, and the formatiotyibutions of the scattered positive and negative ions. Trajec-
and deexcitation of excited states. Scattering experiments itory analysis is used to correlate well-defined trajectory types
which final charge-state distributions of the scattered parwith features in the measured distributions. Access to a wide
ticles are measured provide a powerful means of investigatange of scattering angles enables us to choose scattering
ing electron-transfer mechanisms. By varying parametergeometries where single scattering trajectories are easily dis-
such as the incident beam energy and scattering geometrnguished from the background of multiple scattering trajec-
the dependence of different charge-exchange mechanisms tories. The ability to identify and isolate specific trajectory
the various time and energy scales can be determined. THgpes has been used to study charge exchange mechanisms in
goal of such experiments is to provide a better understandintpe scattering of noble gHsor alkali atom$®*® and has
of nonadiabatic electronic interactions of atoms with sur-proven indispensable in identifying the charge-transfer
faces. mechanisms for the O-Cu system. The only other charge-
Although charge exchange between surfaces and reactiveansfer experiments we are aware of where keV oxygen
species, such as oxygen, has been the focus of several recégaves a metal surface at angles far from grazing are some
investigations; a thorough understanding has not yet beerrecent studies involving scattering from polycrystalline
achieved. For a recent review see Nielmisl! and refer- samples, and experiments in which O atoms adsorbed on a
ences therein. While there are both fundamental and practicalrface are scattered from that surface by direct recoil colli-
reasons to improve our understanding of these systems, deions with keV noble gas iorfS.In the latter experiments,
veloping this understanding is an experimental and theoretithe O atoms necessarily interact with an adsorbate-covered
cal challenge due to the large number of effects that must bgurface, which complicates the analysis.
considered. The effects we consider are the resBramd Our goal in this paper is to identify the key mechanisms
Auger ~° charge-exchange mechanisms, electron promotionesponsible for the presence of @nd O in the outgoing
in hard collisions®~** relaxation of the scattered excited flux. The data and general physical arguments based on the
states through Auger autoionizatidht**3coupling to colli-  energies of the states of the oxygen-copper system indicate
sion dynamics? and the velocity of the scattering atom rela- that both resonant and Auger charge transfer must occur to
tive to the surface electrod&!’ Furthermore, the intrinsic explain the observed Oto O~ ratios. The measurements
multichannel character of the problem due to the degenerat@so indicate that the Oions observed in the scattered flux
p orbital electron¥ has to be considered. Applications in- are generated in hard collisions between the incident O at-
volving charge transfer in energetic oxygen collisions withoms and the Cu surface atoms.
metal surfaces include plasma processing and etching of sur- In Sec. Il, we present our experimental apparatus and
faces, oxide formation, secondary ion mass spectrometryneasurement techniques. In Sec. Il we present experimental
and satellite interactions with the atmosphere in low earttresults for scattering of 0.4—7-keV'Ofrom Cu001). These
orbit. include measured positive to negative ion ratios as a function
Recent studies of charge transfer using oxygen beamaf outgoing velocity and scattering geometry for scattered
have involved scattering at grazing angles from meétals,ions that have undergone quasisifglQS) -type collisions
insulators® and semiconductofSAt grazing angles, the in-  with the surface, scattered positive- and negative-ion distri-
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butions for a wide range of incident energies and scatteringurface defects created during sputtering. Low-energy elec-
angles, and a measurement of the scattered ion and neuttedn diffraction was used to monitor surface order. At the
fractions for a single incident energy. In Sec. IV we intro- start of each scattering measurement the sample was well
duce a general framework within which to examine chargeordered and clean to within the sensitivity limits of AES.
transfer for the O-Cu system and discuss what our results To ensure that dosing due to the incident beam did not
indicate about the charge-transfer mechanisms. In Sec. V waffect our scattered ion fractions, we measured the intensity
briefly summarize our results. of the QS peaks for both positive and negative scattered ions
as a function of beam dose. With the beam incident on the
sample at 45° from the surface normal, the intensity of scat-

The experimental apparatus consists of a low- andS%’ before saturating. For the quantitative measurements of

hyperthermal-energy beamline and UHV scattering chambef€ Scattered positive- to negative-ion ratio presented in this
The ion sourc® uses electrons from a resistively heatedPaPer, these effects were kept below 1.5% by limiting the
thoriated-iridium filament to produce ions from almost anyCL_Jrrent on sa_mple to-1 nA™ Successive spectra taken
introduced gas. Positive ions extracted from the source ardithout cleaning the sample between measurements were
accelerated, mass-selected, and monochromated befdggntlcal;th!s |_nd|cates that the effects on the datg from dos-
reaching the scattering chamber. A source gas mixture g9 Py the incident beam and adsorption of residual gases
15% O, and 85% Ne was chosen to provide high @ields were rﬁghglble. The base pressure of the pHV chamber was
and to minimize the partial pressure of backgroundrothe 810"~ Torr and the working pressure, with the beam run-

H —10
scattering chamber. The source electronics actively stabilizB"g: was 2<10 = Torr. _ _ _
the filament emission current—by adjusting the filament Careful design of the CEM input optics used for ion de-

heating current—to reduce instabilities associated with opert€Ction optimizes the quantitative measurement capabilities
ating a hot filament in an oxygen atmosphere. The sourc f the CEM for both positive and negative ions, and prevents
and beamline produce stable, well-collimated monoenerine detection of stray electrons. The CEM was calibrated as a
getic ion bean@ focused into a 1-mnifull width at half  function of both energy and ion charge. These calibrations

maximun) spot with energies ranging from 100 eV to 7 keV showed that the efficiencies of the CEM for detecting posi-
and corresponding currents of 1—50 nA. " tive and negative oxygen ions were not identical and were

The upper tier of our vacuum chamber is for samplenOI equal to one. The calibration al§o showed that optics that
preparation and analysis; the lower tier is for scattering ang"Sure secondary electron collection at the entrance of the
houses a neutral particle detectdPD)—part of a time-of- CEM are r_eqwred for accurate quantitative measurement of
flight (TOF) system—and a hemispherical electrostatic ana-bOt_h positive and negative |0ns_._The detection system and
lyzer (ESA). Both detectors can be rotated about the sampléa“prat'o” are explalne_d In _deta|l in Ref. 29. All of the guan-
to access different scattering angles. The ESA and its erjitative data presented in this paper have been normalized for
trance optics provide energy.6% of the pass energgnd the transm|SS|qn functlon of the ESA, the efficiency of the
angular(L° full width) resolution of the scattered particles. A CEM, and the incident-beam dose. _
channel electron muItipIié’f' (CEM) at the exit of the ESA Thrqughout this paper al! m_easurements are don_e in the
serves as our detector. Further details of the NPD and TOECattering plane. Both the incident angle and the final
system are given elsewheéfeA sample manipulator with six angle#s are measured from the surface normal, as shown in
degrees of freedom moves the sample between the upper ah®- 1- The incident angle is always positive, and a positive
lower tiers of the chamber, allows accurate alignment fofin@l angle represents scattering on the side of the surface
scattering, and provides access to a large range of scatterifigrmal away from the incident beam. For exammgs 6
geometries. More detailed discussions of the ion scattering 42 corresponds to specular forward scattering, @nd
apparatus and alignment procedure are also giver — ¢s=45° to direct backscattering.
elsewherg®?’

Since charge-transfer measurements are very sensitive to Ill. MEASUREMENTS
low levels of surface contamination, care was taken to moni- . o _ . )
tor impurities on the crystal surface. Samples were Cleanedo" Positive- to negative-ion ratios and scattered ion fractions
by repeated sputter and anneal cycles. After the first cleaning By coupling trajectory analysis with careful selection of
of a new crystal, cleanliness was verified by depositing a Cscattering geometries, it is possible to determine scattered
overlayer, annealing to 200 °C, and then using Auger elecion intensities for a single well-defined trajectaigollision)
tron spectroscopyAES) to look for contaminants. This pro- type. In this paper, we have chosen to focus on QS trajecto-
cedure brings impurities to the surface and provides a morges that scatter from the first layer of atoms on the surface.
stringent test for contamination near the surface than AEShese are kinematically the simplest trajectories, as well as
measurements on a freshly sputtered and annealed surfating the only trajectory type that is easily isolated from the
The sample was cleaned before each measurement by asackground at keV scattering energi@ghe incident angle
nealing briefly at 600 °C, sputtering with 500-eV Ainci-  and crystal azimuth have been chosen such that the first layer
dent at 80 °C from the surface normal, and again annealingf atoms on the surface shadows the deeper layers. Thus,
briefly at 600 °C. AES measurements have shown that theven at higher incident energies, the second and deeper lay-
first anneal cycle causes oxygen buried during scattering ters do not contribute to the QS scatterifg.
segregate to the surface where it can be sputtered off. The As will be discussed in Sec. Il C, the separation of the
second anneal removes residual Ar in addition to annealin@S peak from the background due to other types of scatter-
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5022 eV O0* —-=) Cu(001){100) inverse perpendicular velocity of the scattered particles.

6; = 45 For the 6;= 0;=45° geometry, the positive- to negative-ion

: ratio was measured for incident energies ranging from 2 to 7
keV, and for they;=45°,0;=65° geometry, it was measured
for 2.5-7 keV. Measurements were performed at lower inci-
dent energies, but the very low yield of positive ions made
the analysis unreliable. For each scattering geometry and
each incident energy, the data analysis consisted of correct-
ing the positive and negative scattered ion spectra for the
transmission function of the ESA, the CEM efficiency, and
the beam intensity, performing the separation of each QS
peak from the background, and taking the ratio of the inte-
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s grated intensity of the QS peak of the positive ions to that of
the negative ions. The integrated intensity of the QS peak is

s calculated by fitting a spectrum with a Gaussian plus a linear

s ' ' ' ' background and integrating the area under the Gaussian. The

1000.0  1700.0 2400.0 3100.0  3800.0  4500.0 data show that the ratio of positive to negative ions in the

Energy (eV) scattered flux drops dramatically with decreasing final per-
L o~ pendicular velocity. Note that, for a given perpendicular ve-
FIG. 1. Negative-ion spectra for 5022-eV “Gincident on locity, the ratio depends on the scattering geometry. This

Cu(001)(100) #;=45°. Data are shown fof;=65°, dashed line, . . . - . .
and 6, 45°, solid line. These spectra show the separability of the|nd|cates that either collisional processes or the velocity of

background and the QS peak at these geometries. The inset shoi\hse Iat%m relattIV? to the electrons in the surface influence the

the in-plane scattering geometry used throughout this paper, whe ghal charge state. . .

6, and 6; are the incident and final angles, respectively. _ To determine what fraction of thg scattered pa_rt|c_les are
ions, measurements of the totglositive plus negativyeion

dfraction are needed. Using the neutral particle detector and

dime-of-flight system, we have made a preliminary measure-

scattering geometry can make the separation much easidf€nt of the total ion fraction for 1-keV Olncldent along
Figure 1 shows negative-ion spectra, which generally have e (100 a2|m'uth of ClﬂOQl), _W'th 0= 0;=45° (the scat-
much larger background than the positive-ion spectra, fofer€d perpendicular velocity is 0.027 a.UVe have found
5022-eV O incident along thd 100) azimuth with an inci- thf’it ions comprise approxmately 1_0%_of the _scattered flux at
dent angle of 45° and final angles of 45° and 65°. Thesdis energy. Thg positive- to negative-ion ratio measurement
geometries, where the QS peak is easily separated from trﬂéee Fig. 2 mdpates that this is almost entirely negative
background, were used for the measurement of the positivi@"S- Modifications of the NPD and TOF system are being
to negative-ion ratios. made to extend the ion fraction measurements to higher in-
For these two scattering geometriel < 6, =45° andg, ~ Ccident energies.

=45°,0;=65°), Fig. 2 shows the ratio of the measured
positive and negative QS peak intensities as a function of the

ing trajectories is often complicated by the highly peake

B. Angular spectra of the quasisingle trajectory type

0* —=) Cu(001)(100) For 0.4-5-keV O ion beams incident along theL00)
9; = 45 azimuth of the C(001) surface at 45° from the surface nor-
- , ‘ mal, we have measured energy spectra for scattered positive
i o o 6 45 and negative ions over a large range of final angles
- e A @ 65/ These sets of spectra revealed a number of interesting trends
@ & in the positive- and negative-ion yields and provided the in-
# formation needed to select optimal geometries for the quan-
titative measurement of the positive- to negative-ion ratio.
@ B Figure 3 shows the integrated intensity of the QS peak
0 plotted as a function of the final scattering angle A de-
crease in the incident energy or an increase in the final angle
corresponds to a decrease both in the final perpendicular ve-
locity of the scattered atom and in the energy transferred
from the incident ion to the surface atom in the QS collision.
Again, the incident angle and crystal azimuth have been cho-
sen such that the second and deeper layers do not contribute

FIG. 2. Ratio of positive to negative scattered ions foriaci- 10 the QS scattering due to shadowing by the first layer.
dent on C001)(100) 6;=45°. The circles are fop;=45°, and, The shape of each angular spectrum depends on two fac-
from left to right,E;= 7, 5, 4, 3, 2.5, 2.2, and 2 keV, wheleis the  tOrs, the charge exchange near the surface, and the kinemat-
incident energy. The triangles are féf=65°, and, from left to  iCS of the scattering. At the top of Fig. 3, we have included
right E;=7, 5, 4, 3, and 2.5 keV. The perpendicular velocity is an angular spectrum for the integrated intensity of the
given in atomic units, 1 a.&:2.2x 10° cm/s. 400-eV QS peaks of Nascattered from Ci®01). Previous
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0.01
i
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[ relatively constant over the range of final angles and incident
Na+ energies of these measurements. However, at 1000 eV and
below, the shape of the negative-ion angular spectrum devi-
400 eV < ates from a purely kinematically determined shape, indicat-
ing that the negative-ion fraction decreases at larger final
0~ O+ angles.
The angular spectra of the positive ions shown in Fig. 3
.-g 5 5000 &V = are very different from both the negative-ion spectra and the
g 400-eV Nd reference data. Even at the highest incident en-
= ergies, the shapes of the positive-ion spectra indicate that the
® o 4000 eV ® positive-ion fraction changes rapidly with final angle. When
= the incident energy is reduced to 1000 eV, the scattered
o positive-ion intensity has effectively disappeared.

& 2000 eV a Some interesting trends are evident from the shapes of the
spectra shown in Fig. 31) at lower collision energie§in-
cident energies of 1000 eV and belpand perpendicular

* 1000 eV * velocities both the positive- and negative-ion fractions de-
crease]2) at higher collision energie®000 eV and above
the positive-ion fraction decreases rapidly with increasing

! . L0 400 eV final angle (decreasing perpendicular velogityhile the
0.0 300 60.0 900 negative-ion fraction remains relatively constant. We will
Final Angle use this information in Sec. IV.
FIG. 3. Trends in low-energy O scattering. Each curve is
determined from a set of energy spectra for @ncident on C. Charge exchange in surface vs subsurface scattering—a
Cu(001)(100 with ¢;=45° and 6; between 15° and 85°. Each detailed analysis of the background of the QS peak

point is the integrated intensity of the QS peak plotted as a function

of the final angle at which the QS peak was measured. The open W€ can also make use of scattered-energy spectra to learn
symbols are scattered negative ions, and the filled symbols are sc@bout charge-transfer mechanisms for different trajectory-
tered positive ions. The solid lines are to guide the eye. The curvelypes. There is typically a larger background under the QS
are all(except the 1000-eV positive-ion curve where the peaks arg@€ak in the negative-ion spectra than in the positive-ion spec-
extremely smajlscaled to the intensity of the 5000-eV negative-ion tra. This can be seen clearly in Fig(a# for 5011-eV O
spectrum a®;=15°. From left to right in each curve thg values incident along the(100) azimuth with 6;=65° and 6;

are as follows. The Nadata at 400 eV are included for comparison = — 10° (total scattering angke125°), where the narrow QS

(see texx peak appears on top of a broad wedge-shaped background. In
these spectra, chosen because of the particularly dramatic
Energy(eV) lon charge Final angles difference in the background intensities, the positive and
5000 B 15,25.35.45.55.65.75.85 nggative QS single pegks have approximatel_y the same mag-
5000 . 15.25.35.45 55.65.75.85 nltudes, but th_e intensity of the backgrou_nd in the negative-
4000 B 15 25 35 45 55 65 75 85 ion spectrum is much larger than that in the_p_osm_ve-l_on
4000 N 15’25’35’45’55’65’75’85 spectru.m. This geometry also illustrates the difficulties in-
T TR T volved in separating the QS peak from the background. Fig-
2000 h 5,15,25,35,45,55,65,75,80.85 ;10 5 shows a similar set of energy spectra taken wjth
2000 + 515,25,35,45,55,65,75 =45° andf;=65°; this is one of the geometries used in the
1000 - 15,25,35,45,55,65,75,85 guantitative measurement of the positive- to negative-ion ra-
1000 + 15,25,35,45,55,85 tio (Fig. 2. Here too, it can be seen that there is a much
400 - 15,25,35,45,55,65,75 larger background under the QS peak in the negative-ion
400 + no signal above noise spectrum than in the positive-ion spectrum.

To understand these differences in background intensities,
work™® has demonstrated that charge exchange has a neglire have used the classical trajectory simulation cagieRI
gible effect on the shape of the Nangular spectrum. That (Ref. 33 with a Ziegler-Biersack-LittmarkZBL) (O-Cu)
is, the ion survival probability is constant across the velocitypotentiaf to classify the trajectories that contribute to these
range of the scattered particles. This means that the shape sjfectra. Figures(d) and a) show SAFARI simulations for
the Na curve is determined almost entirely by the kinemat-comparison to the data. The simulations reproduce the broad
ics of the scattering. In the Naspectrum of Fig. 3, the wedge-shaped background and the narrow QS peak of the
prominent peak is a kinematic rainb&caused by the peri- measured spectra, but fail to accurately reproduce the ener-
odic nature of the scattering potential. We use the shape afies of the peaks. The discrepancy in the energies can be
the Na" curve as a reference in the following discussion. Itattributed to inelastic losses resulting from electronic
can be seen that the Ccurves at 2000, 4000, and 5000 eV excitations? that are not included in the simulation. Figures
have the same general shape as thé Naa. Thus, for these 4(b) and Fb) show separate calculated spectra for scattering
O~ spectra the behavior is also predominantly kinematicfrom the first-layer atoms of the crystal and from deeper
This implies that the probability of scattering as an @  layers. From these simulations, it is clear that the background
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FIG. 4. (a) Positive and negative measured ion spe¢salid FIG. 5. Modeling of background for 5-keV Oincident on

lines and a kinematic simulatiofdotted ling for 5011-eV (5000 Cu(001)(100) #;=45°, 6;=65°. Incident energy is 5000 eV in the
eV in simulation O incident on C@001(100 #;=65°, 6 model and 5022 eV in the datéa) Comparison of model with
=—10°. Note the similar magnitude of the QS peak in each specmeasured O and O spectra. The spectra are scaled to give equal
trum and the large difference in the magnitudes of the background€)S peak heightgb) Breakdown of simulation into trajectories scat-
Perpendicular velocity for QS peak is 0.072 gh). Breakdown of  tering from the first layer and those scattering from deeper layers
simulation into trajectories scattering from the first layer and thoseshowing that the background is due to scattering from deeper lay-
scattering from deeper layers showing that the background is due ters.
scattering from deeper layers.
identify the mechanisms responsible for the presence of posi-

in the measured spectra results from trajectories that penive and negative ions in the scattered flux, we begin this
etrate through the first layer of Cu atoms. An exception tosection by developing a general framework for discussing
this occurs at energies just above the QS peak where thgharge exchange in the O-Cu system. In Sec. IV A, we draw
quasidouble(trajectories involving collisions with two sur- some general qualitative conclusions about the resonant and
face atoms, both lying in the scattering plapeak gives the = Auger charge-exchange mechanisms for this system, and we
background its characteristic wedge shape. This is particudraw our main conclusions in Secs. IV B and IV C when we
larly clear in Fig. 5 where the QS trajectories give the largefrexamine the data in detail.
peak at 3600 eV and quasidouble trajectories give the
sma_ller peak at _41()0 ev. _ _ _ A. General

Since at keV incident energies the scattering potential de- ) .
pends only weakly on the atom’s charge state, the scattered Charge transfer for the oxygen-metal system is often dis-
energy distribution of all particlegeutrals and ionsis de- ~ cussed in the language of atomic ionizatiéhand affinity
termined almost entirely by the scattering kinematics. Con{A) levels and their energies relaiive to the Fermi level of the
sequently, the large difference in the background intensitie§1etaP*® (see Fig. 6. Each ionization or affinity level cor-
of the positive and negative spectra of Fig. 4, and the similafesponds to a palr_of states between which a transition can be
intensities of the QS peaks, show that the background has@ade by transferring an electron between the atom and the
charge state distribution different from that of the QS peakMetal. As an O atom is brought closer to the surface, the
This is particularly interesting when considering the back-mage potential causes the energy of the ionizataffinity)

ground intensities at energies just below the QS peak. Thi§Vel to shift upward¢downwardg and hybridization of the
part of the background contains trajectories with final veloci-2tomic and metallic states causes the level to broaden into a

ties nearly identical to those of the QS trajectories and yefésonance. To account for the scattered oxygen species that
with a dramatically different charge-state distribution. Thiswe observe, we include the seven allowed states from the

will be discussed further in the next section. neutral oxygen (%), positive-ion (2°), and negative-ion
(2p®) configurations, as shown in Fig. 7. These incldie

the neutral atom ground state ®() and two metastable ex-
cited states GD) and OES), (ii) the positive-ion ground
We have seen from the data presented in the previoustate O (*S) and two excited states ‘@?D) and O (2P),
section that both positive and negative ions are formed durandiii) the negative-ion O(?P) state. Unlike a system that
ing scattering of O from Cu001), and that the energy spec- can be described by a single level, charge transfer in a mul-
tra and angular distributions are qualitatively different for thetistate system is not determined simply by whether an indi-
scattered positive and negative ions. Since our objective is taidual affinity or ionization level is above or below the

IV. DISCUSSION
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— 0-(*P)/0(°P) -1.46 12 R . — 0*(*D)-Cu
-2 r =10 [T -
[ b 3 — (4
~ g L¥ U 0*(48)—-Cu
. — 0-(*P)/0('D) -3.43 8 g | )
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N —]
> 8 5 z (8)
e = 0-C
V_w = — 0(18)/0*(‘s) -9.43 N 0-—c1:1
~~ x +_
N 0+t—Cu
e
= — o('D)/0*(*s) —11.85 FIG. 7. The energies of the states of the O{@1) system for
l-12 which the metal is in its lowest-ener tdfeef. 37). The zero of
— 0(15)/0*(D) —12.74 ch the metal is s lowest-energy s - 3. The zero o
N energy is the energy of the 8®)-Cu state az=. The energies
—-14 | — O(°P)/0*(*s) -13.62 are plotted for clean G001) with a work function of 4.59 eV. The
{— 8&:3;%:&%; Tl energies of the O-Cu and O -Cu states decrease with decreasing
) due to the image potential, while the energies of the neutral states
-16 .
{ — oggyyg; ~16.65 are tak_en to be constant. Close to the su_rfac_e the energies of all the
— 0o(%P)/0* -16.93 states increase due to the strongly repulsive interaction of the O and
Cu electrons at small separations. The energy differences between
-18 |- . .
— 0(%P)/0*(%P) -18.62 states are determined by the work function of the surta@nd the
ionization and affinity energielsand A for the corresponding oxy-
-20 N I T — gen levelgsee Fig. 6. For example, the energy difference between
11 3 5 6 8 10 the O (?P)-Cu and OfP)-Cu states equals(— Ao- (2py/ozp)) at
Z (A) Z=00 z=0; the ionization and affinity levels are labeled by the initial and
final states involved. The energy difference decreases with decreas-
Affinity Levels ing z because of the attractive image potential.
a Ion.izat.ion Levels . . L
x lonization Levels: Atomically Forbidden Transitions divide these basis states into subspaces labeled by the atomic

state. Figure 7 shows the lowest-energy state of each of these
Cl00 » The levels included q . seven subspaces. Above each of these lowest-energy states is
near a C(001) surface. The levels included correspond to transi- 5 infinjte number of states that belong to that subspace,

tions between the states in Fig. 7. The zero of energy is the vacuuny. . _ . - 37
level, and the metal is in its lowest-energy state. The filled meta[ﬁmcerlng only by the excitation of the metdl:>" The energy

states are indicated by hatching. The asymptotic ionization and af(-)f the lowest-energy dP).'Cu State_ has been chosen to be
finity energies for the isolated O atom are given on the right—hanc?ero aI;=w, and the relative e”erg'%sggf the O-Cu states are
side of the figure. Transitions allowed by spin and angular momenge'[erm'm?c,j by the u§ual ar_gumeﬁ?é*._'
tum conservation in the unperturbed atom are shown by dashed and N @ddition to their relative energies, we must also con-
solid lines, and prohibited transitions are shown with dotted linesSider the couplings between the O-Cu states. For resonant
The latter are included because close to the surface the symmetry 6farge-transfer processes, the important couplings are those
the atom may be sufficiently perturbed that these transitions becond®r Which the transfer of one electron takes the system from
possible. Due to the image potential the ionization levels shift upone state to another. In general, the manner in which the
and the affinity levels shift down with decreasingThe widthsinot  states in the O-Cu subspaces are coupled is conipfEx°
shown of the levels increase roughly exponentially with decreasinghowever, here we need only consider that the couplings in-
z due to the hybridization of the atomic and metal states near therease roughly exponentially with decreasingand so are
surface. largest close to the surface. This is equivalent in Fig. 6 to an
exponential increase in the widths of the ionization and af-
Fermi level. Rather, it is determined by the simultaneousdinity levels with decreasing, until a saturation width is
interaction of several atomic states with the metal. Furtherreached. Very close to the surface widths are typically on the
more, when several states need to be considered, the numhgtier of 1 eV*®*! The larger the couplinggwidths) the
of ionization and affinity levels increases rapidly. Below we greater the rate of electron transfer. Other types of couplings
use an equivalent description that relies simply on the eneran also be important, for example, in Auger charge transfer,
gies of the states of the atom-surface system. but we will not consider these explicitly here.

Consider a set of basis states each of which consists of an We consider first the resonant charge-transfer mechanism.
atomic oxygen state and a metal state. We include the sevérhe key principle is that the system will try to evolve toward
oxygen states presented above. The metal is characterized the ground state of the O-Cu system by transferring electrons
its electron-hole pair excitations; the lowest-energy metabetween the metal and the atom. The ground state along the
state has no electron-hole pairs, and the higher-energy stateatgoing trajector{*?is a superposition of the O-Cu states,
include all possible electron-hole pair combinations. We carand since the relative energies and couplings of the states

FIG. 6. lonization and affinity levelsandA, respectively, of O
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change with separation, the contribution of each of these In conclusion, both Auger and resonant processes must be
states to the ground state will also depend on the atomeonsidered to describe the O-Cu system. In principle, with
surface separation. In general, the lower the energy of a stagppropriate models and calculated couplings and energies,
the larger its contribution to the ground state. The relevanguantitative models could be used to determine the relative
energy scale is set by the strength of the coupling and coimportance of these two mechanisms. Unfortunately, Auger
responds to the width of the relevant affinity levels. Fromrates for atoms near surfaces are poorly understood. Calcu-
Fig. 7, we see that close to the surface the states that afdlions of suitable couplings have only recently begun to
separated from the lowest energy state by an amount legPear in the literatur€? and models are being developed
than or comparable to the width of the relevant affinity levelsthat can simultaneously treat both resonant and Auger
are the O (°P)-Cu and OFP)-Cu stategand perhaps the Charge-exchange mechanisffs?

O(*D)-Cu state Far from the surface, where the couplings We turn now to a discussion of the data and what they tell

are small, the system is not strongly hybridized and the O-CYS @bout charge-transfer mechanisms in the O-Cu system. In
system is in the lowest-energy ¥X)-Cu state. The positive- Secs. IVB and IV C we discuss the measured negative- and

ion states are always relatively high in energy and so constiPOSitive-ion yields separately.

tute a very small part of the ground state at any distance from
the surface. B. Negative-ion formation

_There are two time scales in a scattering experiment that g giscussed above, the negative ions in the scattered flux
will influence th.e final charge-state probabllltle.s. The first, .asult from a nonadiabatic resonant charge-exchange mecha-
set k_)y the (_:oupllngs between the states, dete_rmmes therate . The O yields are expected to depend on the velocity
a given distance from the surface at which the systemy ihe scattered ions, with lower yields at lower perpendicu-
evolves toward the ground state. The second, set by the Vg5 yelocities. Although we have not measured absolute
locity at which the atom leaves the surface and how thg;ie|qs of scattered negative ions, Fig. 3 contains information
couplings and energies change with distance from the Sukshqo,t how the negative-ion yields vary with outgoing per-
face, determines how quickly the ground state changes alor}Qendicular velocity. We concluded in Sec. lllA from the

the outgoing trajectory. In a scattering experiment, if théshape of the O angular spectra that the probability of scat-
outgoing perpendicular velocities are small enough, the SySgring as a negative ion is relatively constant for energies

tem will equilibrate to the ground-state probabilities close to,15ve 2000 eV. However. for the 1000-eV and 400-eV O
the surface and, as the atom leaves the surface, it will tracg ectra, significant deviations from kinematic behavior are

the ground state by electron-transfer processes. Al SOMgqsaryed. In particular, the Ointensities decrease with in-

separation, when the couplings are sufficiently small that the easing final anglédecreasing perpendicular velodityrhis
rate of charge transfer becomes smaller than the rate ‘?l%plies that the probability that a negative ion will survive

change of the ground state, the system will lose tra_ck Of, thene outgoing trajectory decreases as the perpendicular veloc-
ground statdthe charge transfer will become nonadiabgatic ity decreases; this is consistent with the system becoming

and the final charge-state distribution far from the surfacgqye adiabatic at lower scattering velocities. Observations of

will dlffer from the ground state.- O~ have previously been explained by several authors using
Using the above arguments, it can be seen that both O oqonant charge-transfer mechanigii&é2045:46 Quantita-

and neutral O are expected in the scattered flux due+ 10 thie predictions of resonant charge-transfer probabilities re-
resonant charge-transfer mechanism. The presence”of O g ire treating the intrinsic multistate character of this prob-

however, cannot be explained in the same way. In Sec. IV Ggp including that arising from the degeneratelectrons in
we propose an alternative mechanism that explains the Otb'xygenls this is beyond the scope of this paper
served 0. ’ .

In addition to resonant charge transfer, we expect Auger
charge transfer to be important in this system, particularly in
neutralizing the positive ions on the incident trajectory. Rates Although we expect negative ions in the scattered flux
for Auger processes are determined both by Auger couplingdue to nonadiabatic resonant charge exchange, as discussed
and by the number of electrons that are energetically accestbove, this mechanism does not account for the scattered
sible to participate in these processes. Since the oxygen iopositive-ion yields. In this section, we will rule out various
ization levels lie near the bottom of the Cu valence bandmechanisms for positive-ion production using arguments that
most electrons in the valence band are energetically availablere supported both by our data and by measurements per-
to participate in Auger processes. This is in contrast withformed by others. We then present the mechanism for
alkali scattering where, since the ionization levels lie near theositive-ion production that best explains the trends seen in
Fermi level, relatively few electrons are energetically al-our data.
lowed to take part in Auger processBMuller et al® have An obvious source of positive ions is the incident beam.
shown that electrons, characteristic of Auger capture into th&rom our discussion above, we expect incoming positive
neutral oxygen ground state, are emitted wheh i® scat-  ions to be efficiently neutralized either by Auger processes or
tered from clean WL10), providing further evidence that by a combination of resonant and Auger processes. How-
Auger processes must be considered. They also suggest theater, if the time spent in the near surface region is short
other kinds of Auger processes, such as Auger deexcitatiognough, it is possible for an incident positive ion to scatter
may have to be considered since electrons with energiesithout being neutralized. That is, there may be memory of
characteristic of deexciting negative oxygen ions were obthe incident charge state. However, we have recently re-
served when O was scattered from cesiated(¥10). peated the measurements shown in Fig. 2 using incident O

C. Positive-ion formation
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beams. Within experimental uncertainties, the findl/@  shift in the Fermi energyFig. 6) or, equivalently, in the
ratios are the same for incident"Cand O".*" Beyond the relative energies of the O-Cu staté¢sg. 7). To determine if
obvious fact that a negative-ion beam cannot be the source 6hifting the Fermi energy of the metal will significantly af-
positive ions, this implies that there is loss of memory of thefect the final charge-state distribution we must compare the
incident charge state and we must consider other mechshift to the width of the atomic states. Very close to the
nisms for the generation of positive ions. Similar conclusionssurface the level widths are typically on the order of an eV;
have been reached in other studies; however, all of thes#is is much larger than the few tenths of an eV shift induced
studies have shown memory loss at much lower perpendiclby surface deformation, and, hence, the effect of the surface
lar velocities than our recent work. For example, for @d  deformation on the final charge state will be small. Farther
O™ ions scattered from amorphous Si with incident energie$rom the surface where the level widths are smaller, the same
as high as 19.9 keV, the ratio of 'Oto O ions in the change in the surface potential can have a dramatic effect on
scattered flux is independent of the incident charge §tate.  the charge-state distributidA Where we make this compari-
important caveat to this is that the beam in this experimenson, close to vs far from the surface, is determined by the
was incident on the surface at a grazing angle, in which casfinal perpendicular velocity. At high velocities, the final
the incident velocities perpendicular to the surface wereharge state is determined close to the surface where the
equivalent to ions at normal incidence with energies ndevel widths are large. At lower velocities, the nonadiabatic
higher than 144 eV. Memory loss is not surprising at thesaletermination of the final charge state occurs at some dis-
low perpendicular velocities. Similar results have also beenance from the surface where the level widths are narrower.
reported for scattering of multiply charged oxygen i8h# Since the final perpendicular velocities in our experiment are
recent report of scattering of O and @rom Mg, Al, and Ag  relatively high, the charge state is determined close to the
demonstrates memory loss for equivalent normal energies ugurface where the level widths are large and, consequently,
to 424 eV° In those experiments, Ois seen in the scattered we do not expect collision-induced surface perturbations to
flux when the incident species is"Qor O°; once again, the be important.
scattered positive ions are not ions surviving from the inci- Our data provide evidence that a hard collision with a
dent beam. It is interesting to note, however, that in the scatsurface copper atom is responsible for the scattered positive
tering of noble gas atoms there are reports in which loss oions. To see this we begin by considering the ratio of scat-
memory of the incident charge state is not compfdtBor  tered positive to negative ions shown in Fig. 2. As discussed
example, in the scattering of 5-keV Neand N& from  in Sec. lll B, the dramatic decrease in this ratio with decreas-
Cu(100),* the scattered positive ion fraction for incidentt™Ne ing perpendicular velocity is primarily due to a decrease in
was 1/30 that for incident Ne the positive-ion fraction. Two simple explanations can be
It is also possible for resonant charge exchange to progiven for this decrease. First, the slower the atom leaves the
duce positive ions. The strongly hybridized ground state ofurface the more likely it is to suffer neutralization. Second,
the O-Cu system close to the surface is an admixture ofor a given scattering geometry, a lower perpendicular veloc-
states. By the same arguments we used previously to discuidg corresponds to a lower incident energy and a less ener-
the negative-ion yields, there may be nonadiabatic survivagetic collision. If the positive ions are generated in the col-
of positive ions from the strongly hybridized state of thelision, it is likely that a less energetic collision will give
O-Cu system close to the surfate®®4%°We have argued fewer positive ions.
above(Sec. IV A) that we expect the positive-ion yield re-  To determine if the collision plays a role we look at the
sulting from this mechanism to be small because of the rela®* /O~ ratio at a single perpendicular velocity for different
tively high energies of the O-Cu states, but in the absence geometries. For a given scattered perpendicular velocity, the
of quantitative calculations, we cannot rule this out as @"/O~ ratio is larger for a final angle of 65° than it is for a
mechanism of positive-ion production. Our experimentsfinal angle of 45%Fig. 2). In other words, the ratio does not
however, provide evidence that an admixture of states due ®mply scale with perpendicular velocity. For a given final
proximity to the surface is not the primary source of scat-perpendicular velocity, the ions with;=65° have lost ap-
tered positive ions. As shown in Figs. 4 and 5, the broadproximately 1.7 times the energy lost by the ions with
background beneath the negative-ion QS peak is due to scat45°; thus, for a given perpendicular velocity, the ions with
tering from the deeper layers of the crystal. If we comparef;=65° have undergone a substantially more violent colli-
the positive- to negative-ion ratio of the background beneatision at the surface.
the QS peak to that of the QS peak itself, we see that the When comparing scattering at two different geometries, it
background has a much smaller ratio. This is notable sincés important to consider the difference in the velocity of the
both trajectories, the QS scattering and the deeper layer scatom parallel to the surface. The effect of velocity parallel to
tering, traverse the near-surface region at the same velocitjhe surface is to shift the Fermi surface of the metal in the
Hybridization near the surface should occur identically forrest frame of the atort. This is similar in effect to a small
the first and deeper layer trajectories causing their positivechange in the Fermi energy of the mefgig. 6) or to small
to negative-ion ratios to be the same. This is clearly nothanges in the relative energies of the O-Cu stéfgs 7).
consistent with the data. As discussed above, small changes in these quantities are not
It is also necessary to consider the effect of collision-important, indicating that the effect of parallel velocity will
induced perturbations of the surface. It has been shown prdse negligible for the O-Cu system at keV energies.
viously that such perturbations can affect charge exchange Therefore, we conclude that the positive ions are gener-
via collision-induced changes in the electrostatic potentiahted primarily in QS collisions with first-layer atoms. In a
near the surfac®. These changes can be modeled as a smalQS collision, a 1-5-keV O ion scattering through 70—90°
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approaches within 0.3—0.6 A of a single surface Cu atommeasurements of the @O~ ratio in the scattered flux for a
This is close enough to create core excitations in the scasingle trajectory(collision) type.

tered atom?*° Because of the high scattered perpendicular From our data, from simple arguments based on the ener-
velocities, the time spent near the surface is short enougbies of the states of the O-Cu system, and from previous
that some memory of the charge-state distribution generatestudies in the literature, we conclude that the scattered O
in the close collision can survive to affect the final scatteredons result from a nonadiabatic resonant charge-exchange
charge-state distribution. Although we have been able to deprocess. Other work in our grotfindicates that the incident
termine that the positive ions are generated in the collisionQ" ions are neutralized on the incident trajectory by Auger
we cannot determine the specific mechanism by which thigrocesses, or by a combination of resonant and Auger
occurs. One possibility is that the positive ions are generateBrocesses” We conclude that the positive ions observed in
by Auger autoionization of excited neutrals after they leavdhe scattered flux are generated in the hard collision of the

the surface. This process has recently been observed foricident atom with a surface Cu atom. Specifically, the
number of different systenfs°-13Another possibility is that Shapes of the energy and angular spectra for scattefed O
the collision introduces positive ions into the initial mix of @nd O, and the dependence of the' @" ratio on scatter-

states that gets propagated out from the surface and th&}d 9eometry, indicate that the positive ions observed in the
some fraction of these survive Scattered flux are generated in collisions with first-layer at-
' oms.
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